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ABSTRACT
For many years operations at the Massachusetts Military Reservation generated a large
quantity of hazardous wastes. From 1941-1970 many of these wastes were disposed of
into the main base landfill in the southwestern region of the base. During the years of
use, the chlorinated solvents perchloroethylene (PCE) and trichloroethylene (TCE) were
disposed of into the landfill, currently resulting in downgradient contaminant plumes of
these toxic substances.
The objective of this study was to determine if a potential source to the contaminant
plume still exists beneath the landfill. To complete the objective, two hypotheses were
formulated. The first hypothesis was that the contaminants became immediately
dissolved in the groundwater after disposal, and were then transported downgradient.
The second hypothesis was that the contaminants became mixed with waste fuels and oils
that were also disposed in the landfill. The mixture would then act as an LNAPL sitting
in a layer on top of the water table, slowly leaching the contaminants to the groundwater.
The quantities of PCE, TCE, and waste oils that were disposed of were estimated from
the Phase I Records Search. The first hypothesis was tested by using a 2-d transport
calculation to estimate the downgradient concentrations based on the estimated time-
varying inputs. The calculated results for this hypothesis were much greater than the
sampled concentrations. The second hypothesis was tested by determining a flux of the
contaminants from the oil to the groundwater by estimating an oil-water partitioning
coefficient. This flux was then used to calculate the amount of each contaminant that
leached to the groundwater each year and the corresponding concentration remaining at
the source in 1989. This input was then used in a 3-d transport calculation to estimate the
downgradient concentrations. The results showed concentrations still higher than the
sampled concentrations, but much closer than in the first hypothesis.
The findings from this study suggest that the contaminants were leached to the
groundwater from an LNAPL at the source. The results also indicate that the
contaminant source probably no longer exists beneath the landfill.
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Title : Professor of Civil and Environmental Engineering
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1. INTRODUCTION
1.1 Overview
This report presents the results of a research project dealing with the environmental
effects of the main base landfill plume at the Massachusetts Military Reservation (MMR).
The purpose of the report is to determine if there is potential for a source to the plume to
still exist. Such a continuing source could still exist if non-aqueous phase liquids
(NAPLs) were disposed and now leach contaminants into the groundwater. Since
disposal of the contaminants ended in 1970, there has been 20 years of groundwater flow
to transport the contaminants. With a seepage velocity of approximately 0.9 ft/day, after
20 years the trailing edge of the plume would be about 6000 ft. away from the source.
Since the contaminants can still be detected at a monitoring well 3000 ft. from the source,
the question remains, could there still be a contaminant source?
The landfill area is located approximately 2 miles from the western and southern borders
of the MMR. The landfill covers approximately 100 acres and is bounded by Turpentine
and Frank Perkins Roads to the east and west and Herbert Road and Connery Avenue to
the north and south, respectively.
The landfill was in operation from the early 1940s until 1984. Disposal in the landfill
occurred in five distinct cells and a natural kettle hole, each one named for the last year of
operation. The plume emanating from the site has been termed the LF-1 plume. The
major contaminants of concern are perchloroethylene (tetrachloroethylene or PCE) and
trichloroethylene (TCE). In efforts to contain future groundwater contamination from the
landfill, the 1970, Post-1970 and the Kettle Hole cells were capped. Recent
investigations have demonstrated the following concerns: possibility of contaminated
groundwater entering public drinking well supplies, effect of the contaminated
groundwater reaching Buzzards Bay, and possible cancer risks from exposure to
contaminated groundwater (CDM, 1996).
Figure 1-1 Location of LF-1 Plume in Upper Cape Cod
1.2 Report Structure
This report is structured as follows. Chapter 1 provides background information on
MMR and the Main Base Landfill, including site history. Chapter 2 presents the
methodology and hypotheses of the report. Chapter 3 presents the calculations used and
the results. Chapter 4 develops a proposed sampling plan to check the results. Chapter 5
is the conclusions and recommendations for future work.
1.3 SITE DESCRIPTION
1.3.1 Massachusetts Military Reservation
The MMR is located in the upper western portion of Cape Cod, Massachusetts.
Figure 1-2 Location of MMR
It occupies approximately 22,000 acres within the towns of Bourne, Sandwich, Mashpee,
and Falmouth in Barnstable County. Military activity began at the base in 1911, the bulk
of which has occurred since 1935. Operations include those by the U.S. Army, U.S.
Navy, U.S. Coast Guard, U.S. Air Force, Massachusetts Army National Guard, and U.S.
Air National Guard. The heaviest activity at MMR occurred from the 1940s, when U.S.
Army activities intensified due to World War II, to the 1960s and 1970s, when the U.S.
Air Force maintained heightened aircraft operations (CDM Federal Programs
Corporation, 1995).
1.3.2 Landfill Characteristics
The main base landfill covers approximately 100 acres in the southwestern section of the
Massachusetts Military Reservation. The landfill served as a place of disposal from
1940-1984. The landfill was used by the Army, Air Force, other military branches, and
the local municipalities (the towns of Bourne, Falmouth, and Sandwich). Unregulated
dumping occurred often, with no one from the military present to oversee the disposal.
The landfill can be broken up into six distinct cells which are as follows: 1947, 1951,
1957, 1970, post-1970, and Kettle Hole (Figure 1-3). The cells are named for the date in
which they were last used. The post-1970 cell ceased to be used in June 1989. The
Kettle Hole is a naturally occurring kettle hole which was used for dumping for many
years. The years of highest activity at the base were 1940-1946, when it was under Army
control and 1955-1970, when it was under Air Force control. It is believed that these
times of highest activity coincided with the highest rate of waste generation and disposal.
All of this and the following information about the landfill was obtained from interviews
of base employees during the preliminary records search (Hazwrap, 1987). This is the
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1.3.3 Landfilling Techniques
From the interviews it was determined that the trench method for landfilling was utilized
at the main base landfill. The trenches were approximately 30 feet deep, 50 feet wide,
and 500 feet long. The common practice was to cover landfilled materials with
approximately 2 feet of on-site sand and gravel. Since no written records exist about
what was dumped into the landfill, magnetic resonance imaging was used to determine if
any areas contained large depositories of buried drums. The imaging did not find
anything that appeared to be a large repository of buried drums; however, some small
clusters of landfilled metals that are believed to be disposed paint cans were located.
1.3.4 Landfilled Materials
Over the history of the base there have been many activities that generated wastes. The
main wastes that were generated and believed to have been disposed of in the landfill are
as follows:
Table 1-1 Landfilled Materials
General refuse Fuel tank sludge
Herbicides Solvents
Transformer oils Fire extinguisher fluids
Blank small arms ammunition Paints
Paint thinners Batteries
DDT powder Hospital wastes
Municipal sewage sludge Coal fly ash
Possible live ordnance
There is also believed to be 5 to 8 ft of burnfill debris at a depth of approximately 10 ft in
the 1947 cell. In the 1970 cell, work in three test pits found 5 ft of unburned refuse
approximately 7 ft below the ground surface. The base never had a large pest
management program; therefore it is believed that only very small amounts of herbicides
and pesticides were disposed of in the landfill. During the Phase I records search, an
attempt was made to determine the sources of certain wastes, the quantities generated,
and the years in which they were generated (Metcalf & Eddy Phase I Records Search,
1987). The results for the wastes that are believed to have been dumped into the landfill
are summarized in Table 1-2. Wastes that were not disposed of in the landfill were either
dumped at the point of generation, released to the sanitary sewer, used for firefighter
training exercises, or in later years removed by the Defense Property Disposal Office
(DPDO) contracts. There was an on-base DPDO in operation from 1956 until 1983. A
base employee stated that all waste collected by the base DPDO prior to 1970 was
brought to the landfill. Wastes that were collected by the DPDO included scrap metal,
battery cases, transformers, electrical gear, waste oils, solvents, and fuels. Frequently the
wastes were mixed prior to dumping into the landfill.
1.3.5 Current Status of Landfill
Presently, the 1970, post-1970, and Kettle Hole cells have been capped to limit any
further contamination from migrating from the landfill. It was determined that the 1947,
Table 1-2 Wastes Disposed at LF-1
Generator Waste Materials Waste Quantity (gal/yr) Years of Disposal
Sewage Plant sludge from drying beds ? 1970-1985









USDA Lab Pesticide residues 0.1 Ib/yr 1955-1970
CAMS Shops Spent petroleum distillate solvents 900 (360 petroleum naphtha) 1955-1970
halogenated & nonhalogenated solvents 550 1955-1970




Used nickel-cadmium & lead acid
battery cases ? 1955-1970
Paint wastes and solvents(toluene,MEK, 150 1955-1970
MIBK,Xylenes)
Waste oil and fuel (JP-4 and AVGAS) 5500 1955-1970
Radon tubes 200 tubes/yr 1955-1970
Aerospace Ground Equipment Shop (AGE) Petroleum Wastes 1600 1958-1970
Hangars 124,126,128 Waste oil & fuel, waste solvent 18-21 aircraft (solvents 1955-1970
mostly evaporated prior to
landfilling)
Civil Engineering Shops Waste cutting oil 5 1955-1970
Paint wastes 55 1955-1970
Waste solvents (methylene chloride, (small mostly evaporated) 1955-1970
TCE,PCE,1,1,1-TCA,petroleum distillates,
toluene,acetone,MEK
1951, and 1957 cells had been dormant for a long enough period of time that capping the
cells would not be warranted. The landfill is mostly covered with vegetation native to the
area. There are some barren patches within the landfill area. It was determined from the
interviews that the barren patches are due to the past dumping of aviation gas.
1.3.6 Contaminant Plume Resulting from the Landfill
The landfill was identified as a potential contaminant source in 1979 when a drinking
water well downgradient of the landfill tested positive for volatile organic compound
(VOC) contamination exceeding drinking water standards (Metcalf & Eddy, 1987). This
discovery led to testing to determine the nature and extent of the contamination due to the
landfill. Some sampling wells were placed within the boundaries of the landfill, but not
directly within any of the cells due to the possible presence of buried live ordnance in the
landfill. The testing discovered a VOC plume that extends to the southwest of the
landfill, beyond the MMR boundaries. The plume begins at a depth of 40 feet below the
landfill. From this point the plume extends 17,000 feet to the southwest and is
approximately 5,000 feet at its widest point in the north-south direction. The main VOCs
of concern in the plume are trichloroethylene (TCE) and tetrachloroethylene (PCE).
Carbon tetrachloride (CC14) has also been found in many of the wells, but not on a
consistent basis. The VOC plume that has emanated from the landfill exceeds the
maximum contamination limits (MCLs) of 5 parts per billion (ppb) for groundwater, with
the highest PCE level determined to be 65 ppb, and the highest TCE level determined to
be 64 ppb.
2. Methodology
The purpose of this report was to investigate the possibility that a source to the LF-1
VOC plume may still exist beneath the Main Base landfill. This project was completed
by estimating the quantities and years of disposal for wastes that were disposed of into
the landfill. This information was then used, along with existing plume data, to evaluate
the following hypotheses.
2.1 Hypotheses
Two hypotheses were formulated to explain how the contaminants were distributed from
the source to the resulting groundwater plume. The results to each hypothesis were then
compared to the existing plume data so that conclusions could be made about the nature
of a PCE plume source and a TCE plume source.
2.1.1 Hypothesis 1 : Contaminants Immediately Dissolved into Groundwater
The first hypothesis developed was that the contaminants of concern (PCE and TCE)
became immediately dissolved in the groundwater after their disposal to the landfill.
This would be a reasonable hypothesis if 50 gal/yr of PCE was disposed over the area of
the 1970 cell (6X10 5 ft2) and mixed into 50 ft of groundwater in a soil with a porosity of
approximately 0.39. This results in a concentration of approximately 1 mg/l, which is
well below the saturation point of 150 mg/l, showing that this could easily happen. Using
this hypothesis, it was assumed that the contaminants were distributed equally over the
vertical depth of the aquifer immediately below the landfill. Transport equations were
then used to calculate estimated concentrations at certain distances downgradient in the
plume. These estimated concentrations were then compared to the observed results from
field sampling.
2.1.2 Hypothesis 2 : Contaminant Leaching into Groundwater from LNAPL
The second hypothesis developed was that the contaminants of concern (PCE and TCE)
were mixed as minor components with waste hydrocarbons that were also disposed of in
the landfill. With this hypothesis it was assumed that the waste hydrocarbons had
densities less than water, behaved as an light non-aqueous phase liquid (LNAPL), and
were floating on the top of the water table with the PCE and TCE well mixed throughout
the oil layer. The oil-water partitioning coefficients were used to calculate the flux of the
contaminants from the oil to the groundwater. Using this flux, transport equations were
used to calculate the estimated concentrations of the contaminants at certain distances
downgradient in the plume. These estimated concentrations were then compared to the
observed concentrations from field sampling.
3. Results
3.1 Contaminant Characterization
TCE and PCE are characterized as chlorinated VOCs. VOCs are defined as organic
compounds that are analyzable by purging from water and gas chromatographic analysis.
TCE and PCE are chlorinated VOCs because there are chlorines in place of hydrogens
attached to the carbons in the molecule. The following sections will describe the specific
characteristics of TCE and PCE that are critical for determining whether it is possible that
there is still a source at the landfill.
3.1.1 PCE
PCE, or perchloroethylene, is a symmetrical molecule that consists of two carbon
molecules double bonded to each other with 2 chlorine atoms attached to each carbon
(C2C14). The characteristics of PCE that are important to this report are as follows
(Weast, 1990, Lyman et al., 1990, Schwarzenbach et al, 1993):
* molecular weight (MW) =165.8 (g/mol)
* aqueous solubility (Cw,) @ 25TC =10 "-"4 (mol/L) = 150 (mg/L)
* Henry's Law Const. (K,) =10'" (L-atm/mol)
* Henry's Law Const. (K,') - dimensionless =10052
* Vapor Pressure (Po) @ 250C =10-'60 (atm)
* Octanol-H20 Partitioning Coeff. (K.) =102.88 [(mol/L octanol)/(mol/L H20)]
* density =1.62 (g/cm3)
3.1.2 TCE
TCE, or trichloroethylene, is a molecule that consists of two carbon molecules double
bonded to each other with 3 chlorine atoms and one hydrogen atom attached (C2HC13).
The characteristics of TCE that are important to this report are as follows (Weast, 1990,
Lyman et al, 1990, Schwarzenbach et al, 1993):
* molecular weight (MW) =131.4 (g/mol)
* aqueous solubility (Cw") @ 25°C =10-2.o (mol/L) = 1200 (mg/L)
* Henry's Law Const. (Ks) =101.03 (L-atm/mol)
* Henry's Law Const. (KH') - dimensionless =10-"31
* Vapor Pressure (P°) @ 25'C =10-1.01 (atm)
* Octanol-H20 Partitioning Coeff. (Kow) =102.42 [(mol/L octanol)/(mol/L H20)]
* density =1.46 (g/cm3)
3.1.3 Contaminant Characteristics in the Subsurface Environment
PCE and TCE are organic compounds that are immiscible in water, meaning that they
have very low solubilities as can be see in the above data. PCE and TCE are non-aqueous
phase liquids (NAPLs). A NAPL is defined as an immiscible organic liquid that often
exists as a separate phase in the subsurface. PCE and TCE are considered to be dense
non-aqueous phase liquids (DNAPLs) since they both have a density greater than 1 g/cm 3
(the density of water) (LaGregra, 1994).
3.1.4 DNAPL Transport in the Subsurface
In its pure phase if a DNAPL is dumped onto the ground, it quickly finds its way through
the vadose zone to the water table. During its movement through the vadose zone, the
DNAPL will leave residual droplets in the pores of the soil (see Figure 3-1) (Schwille,
1988). Once it reaches the water table, a DNAPL typically continues to sink through the
saturated zone with little loss to dissolution due to its low solubility. During transport
through the saturated zone, the DNAPL may be dispersed laterally by the groundwater as
it sinks vertically (see Figure 3-2). The DNAPL will continue to sink to the bottom of the
aquifer until it reaches the base of the aquifer or a zone of very low permeability that acts
as a barrier (see Figure 3-3) (Schwille, 1988). If PCE and TCE were dumped into the
landfill in large enough quantities, the adjacent groundwater would reach its saturation
point, and the remaining pure phase PCE or TCE would then act like a typical DNAPL in
the subsurface.
Quick calculations as done in section 2.1.1 suggest that the addition of TCE and PCE at
50 gal/yr should be fully soluble and mixed into the groundwater. For this reason it was
not expected that there would be a DNAPL source at the landfill unless all of the
contaminants were dumped in the landfill to a very small spot on the order of 4000 ff
compared to the cell size of 6X105 ft.
XXIV~a
Figure XXIV.a.
Close-up of the unsa:urated zone in the Figure XXIII.b. system 10 min after
adding the 25 mL of DCM.
Figure XXIVX.b.
Close-up of the saturated zone in the Figure XXIII.b. system 10 min after
adding the 25 mL of DCM. The DCM on the bottom of the system is nearly
free of water.
Figure 3-1 Behavior of DNAPL in the Unsaturated Zone (Schwille, 1988)
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3.2 Estimation of Yearly Waste Quantities
To determine an approximate amount of waste that was generated by each source for the
landfill, estimates had to be made from the information provided in the Phase I records
search about each generator. The following sections describe each waste generator that
used the main base landfill and explain how the estimates of wastes quantities were
determined. The quantities were only estimated up to 1970 since this is when the Rhode
Island Defense Reutilization and Marketing Office (RI DRMO) began to take wastes off
site, and most disposal to the landfill ceased (Hazwrap, 1987).
3.2.1 Sewage Treatment Plant
The base sewage treatment plant that opened in 1941 received influent from base
housing, various shops, labs, and other buildings. The hazardous wastes that went to the
treatment plant included waste battery electrolyte, paint strippers (methylene chloride,
toluene, acetone), and solvents (MEK, MIBK, and halogenated compounds). The main
object of the treatment plant was solids removal, with little or no treatment of the effluent
water. Upon discharge from the treatment plant, waste sludge was pumped to sludge
drying beds. Until the late 1960's the sludge was removed from the drying beds and
piled behind the treatment plant. Beginning around 1970, the dried sludge was disposed
of in the base landfill (Hazwrap, 1987).
Since the main contaminants of concern, PCE and TCE, would most likely have
volatilized to the atmosphere while the sludge was drying in the drying beds, it is
postulated here that the waste sludge buried in the landfill did not act as a source to the
LF-1 plume.
3.2.2 Former WWII Regimental Motor Pools
When Camp Edwards was built in 1941, each regiment had its own motor pool servicing
130 to 450 vehicles. The motor pools were located along the North, South, East, and
West Outer Truck Roads. Common disposal practices at the time were to dump the
vehicle maintenance wastes at each individual motor pool, or to place the wastes into the
main base landfill. The wastes generated include solvents (kerosene, carbon
tetrachloride, PCE, TCE), waste oil, paint residues, antifreeze, MOGAS (fuel). These
motor pools remained in operation until 1946 (Hazwrap, 1987).
The first step in estimating the amount of waste generated was to determine an estimated
number of vehicles serviced by the motor pools. Each motor pool serviced 130 to 450
vehicles, so this was estimated to be on the average 300 vehicles per motor pool. With 4
motor pools and 300 vehicles in each it was assumed that from 1941-1946 maintenance
of approximately 1,200 vehicles took place. Since all that is known about the disposal
practices was that some wastes were disposed of on-site and some wastes went to the
landfill, the assumption was made that the wastes of approximately 600 vehicles went to
the landfill, and the wastes of 600 vehicles was dumped on-site during maintenance.
From knowing the number of vehicles maintained from 1941-1946, the amount of waste
oil was determined by using the numbers from current vehicle maintenance at the base.
The current vehicle maintenance on the base is for 215 vehicles which produce 1200
gallons of waste oil per year, and the assumption was made that a proportional amount of
waste oil was generated by the WWII motor pool vehicles (Hazwrap, 1987). Therefore,
the amount of waste generated by the 600 vehicles was calculated as follows:
current # vehicles = past # vehicles (3-1)
gal/yr waste oil x gal/yr waste oil
Using this formula it was calculated that approximately 3,000 gallons per year of waste
oil was dumped into the landfill during the time span of 1941-1946.
In terms of solvents, the current vehicle maintenance shop at the base produces
approximately 50 gal/yr of halogenated and nonhalogenated solvents per 215 vehicles.
From this information, the amount of solvents used from 1941-1946 was estimated as
follows:
current # vehicles past # vehicles (3-2)
gal/yr waste solvents x gal/yr waste solvents
Using this formula it was calculated that approximately 140 gal/yr of waste solvents were
dumped into the landfill during the time span of 1941-1946. Therefore the total for all
halogenated and nonhalogenated solvents that was wasted was 140 gal/yr. Therefore
knowing what types of operations were being done at the time, and the average total
solvent waste, an estimate of 10 gal/yr for each PCE and TCE was made. The fact that
this estimate may have significant error will be addressed in calculations in which it is
used.
3.2.3 CAMS Shops
The Consolidated Aircraft Maintenance (CAM) shops have provided maintenance to
USAF and ANG aircraft since 1955. The following shops, which generated hazardous
wastes are located within this area are : Corrosions Control Shop, Machine Shop, Sheet
Metal Shop, Electrical Shop, Pneuhydraulics Shop, Tire Shop, Communications and
Navigations Shop, MA-1 Radar and Weapons Systems Shops, Survival Shop, Egress
Shop, and the Engine Shop. The current approximate waste generation from these shops
is petroleum distillate solvents (860 gal/yr), halogenated solvents, MEK, MIBK, toluene,
xylene, acetone solvents and degreasers (500 gallyr), battery electrolyte (2 gal/yr), used
lead and nickel cadmium batteries, paint wastes (150 gal/yr), waste oil (5,000 gal/yr),
and radon tubes (200/yr). It was known that a minimum of 10 gal/yr of PCE was
generated by the CAMS Shops since 1955. From 1955 until 1970 these wastes were
picked up by the base DRMO and disposed of in the main base landfill (Hazwrap, 1987).
The current waste generation rates were used to estimate the waste generation rates from
1955-1970. According to the records search, waste generation rates from 1970 until the
present are fairly similar. The base was more active in the years of interest prior to 1970,
therefore the estimates will be slightly higher than the current generation rates. It was
estimated that 5500 gal/yr of waste fuels and oils were disposed of into the main base
landfill. Since at least 10 gal/yr of PCE is currently generated, it was estimated that
between 1955 and 1970 that 50 gal/yr of both PCE and TCE were generated as waste.
Again the possibility for error in this estimate will be addressed in future calculations.
3.2.4 Hangars 124, 126, 128
From 1955-1970 Hangars 124, 126, 128 were used for maintenance of 18 to 21 EC-121
aircraft. During maintenance, waste oils, fuels, and solvents were generated. The exact
method of disposal is unknown, but common practice at the time was to have the wastes
picked up by the DRMO, dump them into the ground on-site, or wash the wastes down
the sanitary sewer. Presently, during aircraft maintenance at the base, most waste
solvents such as PCE and TCE evaporate prior to being removed from the site (Hazwrap,
1987). For this reason it was assumed that most of the PCE and TCE wastes generated at
these hangars also evaporated and never made it to the landfill. Some waste oils and
fuels may have been taken to the landfill, but since there were also two other disposal
methods for such a small number of aircraft, it was assumed that the hangars contribution
of waste oils and fuels to the landfill was insignificant compared to the large amounts
generated by other processes.
3.2.5 Civil Engineering Shops
The Civil Engineering Shops have been in operation for the ANG and USAF since 1958.
The Civil Engineering Shops include : the Electrical Shop, the Plumbing Shop, the Sheet
Metal Shop, and the Painting Carpentry Shop. The wastes generated by these shops are
as follows : waste cutting oil (5 gal/yr), paints and paint thinners (55 gal/yr), and variable
amounts of waste solvents for cleaning that included PCE. These wastes were reportedly
picked up by the DRMO and disposed of into the landfill (Hazwrap, 1987). It is believed
that the amount of waste solvents actually sent to the landfill was very small because
most of the solvents evaporated shortly after they were used. The waste oil amount of 5
gal/yr was assumed to be insignificant relative to the large amount of waste oil and fuels
generated by other processes.
3.2.6 Aerospace Ground Equipment Shop (AGE)
The Aerospace Ground Equipment Shops have been in operation for the ANG and USAF
since 1958. The wastes generated by the AGE are : petroleum distillate and halogenated
solvents (1,320 gal/yr), other petroleum distillates (240 gal/yr), MEK and toluene (144
gal/yr), and petroleum wastes (1,600 gal/yr). Until 1981 most of the solvents used were
dumped into the ground on-site. The petroleum wastes were picked up by the DRMO
and disposed of in the landfill (Hazwrap, 1987).
Since most of the solvents were dumped on-site, it was assumed that the AGE did not
contribute to the PCE and TCE plume from the landfill. The 1,600 gal/yr of petroleum
wastes will be included in future calculations for the years 1958-1970.
3.2.7 USDA Lab
From 1963 until 1969, the USDA lab tested insecticides for private companies. Residual
pesticides from the testing totaling 0.1 pounds per year were disposed of in the main base
landfill (Hazwrap, 1987). Such a small quantity was assumed to be negligible in the
landfill and the resulting plume.
3.2.8 Total Estimated Waste Quantities
From all of the above sources, estimates of the total amount of PCE, TCE, and
hydrocarbon wastes that were disposed of into the landfill were determined. These
estimates are presented in the following table:
Table 3-1 Estimated Total Waste Quantities Disposed of in Landfill per Year
Contaminant 1941-1946 1955-.1957 19581970::
PCE 10 gallons 50 gallons 50 gallons
TCE 10 gallons 50 gallons 50 gallons
Hydrocarbons 3,350 gallons 5,500 gallons 7,100 gallons
3.3 Results for Complete Dissolution of Contaminants into Groundwater
The following sections describe calculations and results that were obtained based on the
previous input estimations with the hypothesis that the contaminants were immediately
dissolved into the groundwater after disposal. The purpose of these calculations was to
determine if the estimated quantities of solvents could possibly have generated the
concentrations that have been found from sampling the downgradient contaminant plume.
These calculations will help determine if the quantities of PCE and TCE that were
estimated to have been placed in the landfill have been completely dispersed, or if there is
still a potential source of PCE and TCE beneath the landfill. The calculations will cover
ranges of PCE and TCE source quantities, retardation factors, and depths of distribution.
It was assumed for this set of calculations that the PCE and TCE entered the water table
in their pure state and did not mix with any other contaminants that may have been in the
landfill. It was also assumed that the degradation of PCE to TCE was negligible. Also,
the assumption was made that once the solvents were dumped into the landfill, they
immediately entered the subsurface, and therefore volatilization to the air is negligible in
the calculations.
The calculations were based on the 2-dimensional transport equation where the mass
inputted is an instantaneous line source (constant concentration over the vertical, z-
direction) (Hemond and Fechner, 1994). The purpose of the calculations was to
determine if the estimated quantities of waste PCE an TCE could have generated the
existing plume from the landfill. If the estimated quantities generate the same
concentration as have been sampled in the plume, then it can be determined that there is
no longer a source of PCE and TCE beneath the landfill. The assumption was made that
each year's mass of waste contaminant was a pulse input that became immediately mixed
over the vertical depth of the water table. The depth of the water table at the source is
approximately 150 feet. The calculations were performed based on the assumption that
the contaminants were instantaneously dispersed along the entire depth of 150 feet before
any longitudinal or lateral dispersion occurred. The assumption was also made that the
area of disposal was a point in the landfill and that the contaminants were not spread
throughout the landfill. This causes downgradient concentrations to be elevated
dramatically, but the numbers can still be used to assess the shape of the plume. The
calculations were also performed based on the assumption that the contaminants were
instantaneously dispersed along only the top 50 feet of the water table before any
longitudinal or lateral dispersion occurred. The calculation was performed as a pulse
input for each year that PCE and TCE were dumped into the landfill. The calculations
were performed to compare with observations at wells 3,000, 5,000, and 10,000 feet
downgradient of the landfill in 1989. The wells reported the following results during
field sampling in 1989:
Table 3-2 Field Results from 1989 Sampling Event
31 A,B,C @ 3,000 ft 20 (72 ft)* 64 (72 ft)
103 A,B,Z @ 5,000 ft 65 (62 ft) 30 (62 ft)
28 A,B,Z @ 10,000 ft 7.6 (92 ft) 12 (92 ft)
* - Indicates depth from top of water table at which sample was taken.
Each well is labeled by a number with a series of letters following it, representing the
different screening depths for the well.
The 2-dimensional transport equation was used to determine if the estimated source
quantities could have produced the concentrations found in the plume in the 1989
sampling event. The equations and variables used are as follows:
[(-XV y2
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where:
M = m/d [ g g/ft] (3-4)
v = u/R [ft/s] (3-5)
D, = a xv [fi/s] (3-6)
Dy = a yv [ft2/] (3-7)
and:
C = concentration downgradient [ ( g/L]
m = mass input per year [ j g]
d = vertical depth source mixed over [ft]
M = input (m)/depth [ g g/ft]
n= porosity
t = time [s]
a x = dispersivity x-direction [ft]
a , = dispersivity y-direction [ft]
Dx = Fickian transport coefficient in x-direction [ff/s]
D, = Fickian transport coefficient in y-direction [fi/s]
x = length along x-axis [ft] (the x-axis has been aligned the be the same as the direction of
groundwater flow)
v = seepage velocity [ft/s]
y = length along y-axis [ft] (the y-axis has been aligned to be lateral to the direction of
groundwater flow)
R = retardation factor
The following variables remained constant during the calculations:
n = 0.39
y = 0 ft (assume wells are located on centerline of plume)
u = 0.9 ft/d = 1.04x105' ft/s (M.Eng. Project Report II, 1996)
a X= 90 ft (M.Eng. Project Report II, 1996)
a , = 3.3 ft (M.Eng. Project Report II, 1996)
Note that the mass that was used for the calculations was assumed to be input at a point in
the landfill, but in reality, such disposal would have occurred over some area. It is
possible that the contaminants were spread over the entire area of the cells of concern
(approximately 6X10 5ft). In this case the mass input that was used in the calculations
would be much smaller, and therefore the numerical results would be disproportionately
high. Nonetheless, the trends generated by the calculations would be the same.
The three wells that were used for comparison were selected because they lie
approximately on the x-axis of the groundwater plume. Since the wells lie approximately
on the x-axis, the y variable was then set to always equal 0 ft. In the field, it is possible
that the y variable may have a value as large as 500 ft, but this is probably very high.
The following sections will describe the changing variables in the equation and how they
relate specifically to PCE and TCE.
3.3.1 PCE
A retardation factor of 1.25 for PCE had been calculated by Crist Khachikian in his
Master of Engineering thesis (Khachikian, 1996). The retardation factor that was
reported for PCE in the 1995 Remedial Investigation for the Main Base Landfill was 3.01
(Hazwrap, 1995). Due to this discrepancy, the retardation factor was varied during the
calculations. The retardation factors used for PCE were : 1.25, 2.0, 3.0. The varying
retardation factor affected the seepage velocity and the Fickian transport coefficients.
The quantity of PCE that was dumped into the landfill was determined by the previously
described estimation methods. Since these quantities are estimates, the mass of input was
increased at least four fold for some calculations to make sure that any error due to
estimating quantities smaller than the actual quantity would be accounted for. The
estimates determined that 10 gal/yr of PCE was dumped from 1941-1946 and 50 gal/yr
from 1955-1970.
The following mass inputs were used in the calculations:
Table 3-3 List of Mass Inputs Used to Account for Potential Error in Waste Quantity Estimations
Scenario 1941-1946 1955-1970
Scenario 1 : 10 gal/yr PCE & TCE 50 gal/yr PCE & TCE
41-46 estimate + 55-70 estimate
Scenario 2 : 10 gal/yr PCE & TCE 200 gal/yr PCE & TCE
41-46 estimate + (55-70 estimate)x4
Scenario 3 : 50 gal/yr PCE & TCE 50 gal/yr PCE & TCE
(41-46 estimate)x4 + 55-70 estimate
Scenario 4 : 50 gal/yr PCE & TCE 200 gal/yr PCE & TCE
(41-46 estimate)x4 + (55-70 estimate)x4
These scenarios were used along with varying the vertical depth of dissolution of the
contaminants. The depth of vertical dissolution was first assumed to be 150 ft, or the
entire depth of the aquifer. Calculations were also done for the assumption that the
vertical depth of dissolution was one-third the depth of the aquifer, or 50 ft.
Since each year was considered to be a pulse input, the resultant calculated "plumes"
were summed for any downstream position at any time of interest (in this case 1989
which was the year of the considered sampling event). The total concentration was
determined by summing the concentration for each year as follows:
Ct=  C, (3-8)
where:
Ct = total concentration due to summation of each year's input
C, = concentration for year n
n = 1941-1946, and 1955-1970
Within a set of calculations in which the concentration was summed, the time was varied
according to the year of the pulse input. The number of pulse inputs, and therefore the
total time in each set of equations did not vary.
The results that were obtained for PCE are shown in Tables 3-4 - 3-6 and the spreadsheets
that were used to calculate the results can be found in Appendix A. Note again, that for
any particular case, it is the relative concentrations at positions 3000, 5000, and 10,000 ft
downgradient that should be compared to 1989 observations.
Table 3-4 Calculated Concentrations ( gt g/L) of PCE 10000 ft Downgradient of Source
Inputs (41-46/55-70) R=1.25 R=2.0 R=3.0 Depth
rDistributions
10/50* 300 14 6X104  150
10/50* 890 41 2X103  50
50/50 470 72 3X10"3  150
50/50 1400 210 1X10-2  50
10/200 1000 14 6X10 4  150
10/200 3100 42 2X103  50
50/200 1200 72 3X10 .3  150






Table 3-5 Calculated Concentrations ( g g/L) of PCE 5000 ft Downgradient of Source
Inputs(41-4655-70) R=1R25 R=2.0 R=3.0
Distributions
10/50* 940 1900 470 150
10/50* 2800 5600 1400 50
50/50 940 2000 1300 150
50/50 2800 5800 3800 50
10/200 3600 7200 1300 150
10/200 11000 22000 3800 50
50/200 3600 7300 2100 150
50/200 11000 22000 6100 50
* - Indicates most likely input/yr.
Table 3-6 Calculated Concentrations ( jt g/L) of PCE 3000 ft Downgradient of Source
Inputs,4146155-40) R=4.25 R=52.0 R=3.0 Depth Distributions
10/50* 50 1600 3700 150
10/50* 150 4600 11000 50
50/50 50 1600 3800 150
50/50 150 4600 11000 50
10/200 190 6000 14000 150
10/200 570 18000 42000 50
50/200 190 6000 14000 150
50/200 570 18000 43000 50
* - Indicates most likely input/yr.
The results show that varying the quantity of yearly waste does not greatly affect the
concentrations downgradient in 1989, but varying the vertical dissolution depths by a
factor of 3 has some affect and varying the retardation factors has a large affect. The
following graphs show the results for the estimated waste quantities (scenario 1 from
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Figure 3-5 Calculated Concentrations of PCE Downgradient in 1989 Using a Source Dissolution
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As can be seen, for example in Figure 3-4 for R=1.25, if one reduced the input, M, to
enable a fit at 5000 ft (decrease M 14 times), then predicted concentrations at 3000 ft and
10,000 ft would be expected to decrease to approximately 4 and 20 ug/l respectively.
3.3.2 TCE
The TCE calculations were performed exactly the same as the PCE calculations, with
only certain variables particular to TCEdiffering. The spreadsheets that were used to
calculate the results for TCE can be found in Appendix A. The retardation factor that was
determined by Crist Khachikian for TCE is 1.10 (Khachikian, 1996), and the retardation
factor that was estimated in the 1995 Remedial Investigation for the main base landfill is
1.82 (Hazwrap, 1995). To account for this difference retardation factors of 1.10, 1.50,
and 1.82 were used in the calculations. The estimated mass input (in gallons) was the
same for TCE as for PCE, but in the calculations mass was used as the input not volume.
Therefore multiplying the volume by the density did make the mass of TCE that was used
slightly less than the mass that was used for PCE. Other than these differences, the
calculations for TCE were performed the same as the calculations for PCE. The results
that were obtained for pure phase TCE are shown in Tables 3-7 - 3-9.
Table 3-7 Calculated Concentrations ( g g/L) of TCE 10000 ft Downgradient of Source in 1989
Inputs (41-46/55-70) R=1-10 R=1:50 R:1.82
fgayrl Distri'butions
10150* 450 100 26 150
10/50* 1300 300 79 50
50/50 490 1600 1800 150
50/50 1500 1400 400 50
10/200 1700 100 26' 150
10/200 5100 400 80 50
50/200 1800 500 140 150
50/200 5200 1500 400 50
* - Indicates most likely input/yr.
Table 3-8 Calculated Concentrations ( g g/L) of TCE 5000 ft Downgradient of Source in 1989
Inputs (4146/55-70) R11 R.50 R=1.82 Depth
Distributions
10/50* 490 1600 1800 150
10/50* 1400 4600 5300 50
50/50 490 1600 1800 150
50/50 1400 4700 5400 50
10/200 1900 6100 7000 150
10/200 5700 18000 21000 50
50/200 1900 6100 7000 150
50/200 5700 18000 21000 50
- Indicates most likely input/yr.
Table 3-9 Calculated Concentrations ( i g/L) of TCE 3000 ft Downgradient of Source in 1989
Inputs (41655-) R=L1 R=1.50 R=f82t
10/50* 15 310 1100 150
10/50* 43 920 3200 50
50/50 15 310 1100 150
50/50 43 920 3200 50
10/200 57 1200 4200 150
10/200 170 3600 13000 50
50/200 57 1200 4200 150
50/200 170 3600 13000 50
* - Indicates most likely input/yr.
The results for TCE are much the same as for PCE. The main difference is that the TCE
concentrations do not get nearly as high as the PCE concentrations. This would be
expected because although the same volume of TCE wasted as PCE, the mass of TCE
wasted was less than the mass of PCE due to its smaller density. The following graphs
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Figure 3-6 Calculated Concentrations for TCE Downgradient in 1989 for a source Dissolution Depth
of 150 ft.
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As for PCE, if one were to adjust to input, M, in equation 3-3 to cause predicted
concentrations (R=1.50) to model observed levels at 5000 ft (decrease M by a factor of
16), then predicted concentrations at 3000 ft and 10,000 ft would decline proportionately
to 30 and 1 ug/1 respectively.
3.4 Calculations for Contaminants Leaching into Groundwater from LNAPL
These calculations were based on the estimates made about the quantities of PCE and
TCE that were disposed of in the landfill. It was assumed for this set of calculations that
the PCE and TCE entered into the subsurface below the landfill well mixed with
hydrocarbon wastes. The previous assumptions that degradation and volatilization were
negligible were also made for these calculations. From the first set of results, it was
assumed that the wastes disposed of from 1941-1946 would most likely not affect the
results, and these years were omitted from this set of calculations. The purpose of these
calculations was to determine the mass of each contaminant that was being released each
year from the LNAPL to the groundwater. This process required a number of additional
calculations before the transport equations could be utilized.
3.4.1 Calculating Initial Contaminant Concentration in Oil
The first step was to determine the initial concentration of each contaminant in the oil for
the first year of disposal (1955). The volume of the waste oil was estimated earlier. This
volume was converted from gallons to cubic feet for consistent use of units in the
calculations. The mass of each contaminant was then divided by the volume of oil to
determine the initial concentration before any leaching to the groundwater occurred.
3.4.2 Determining Flux of the Contaminants from the Oil to the Groundwater
The next step was to determine a flux for each of the contaminants from the oil to the
groundwater. It was assumed that the oil was distributed in a single layer on top of the
groundwater over the entire area of the 1970 cell. The flux of the contaminants from the
oil to the groundwater was defined as follows:
Loss from oil = Gain to water
The loss from the oil was defined as the change in the concentration of the oil by time,
multiplied by the volume of the oil.
dCoil (t)Loss from Vo il  dt (3-9a)
Gain to water = C,(t)V, (3-9b)
The gain to the water was defined as the change in the concentration of the water by time,
multiplied by the volume of the water.
The oil equilibrated concentration of the water was defined as the concentration in the oil
divided by the oil-water partitioning coefficient. The volume of the water was defined by
the area of the 1970 cell multiplied by the depth of contaminant mixing once groundwater
has completely passed beneath the cell. The depth of contaminant mixing was defined as
the vertical dispersion coefficient multiplied by the time of contact, all raised to the
power of one-half:
depth= = V .t, (3-10)
The vertical dispersion coefficient was defined as the vertical dispersivity multiplied by
the seepage velocity:
D•,= a~v (3-11)
The time of contact was defined as the estimated length of the oil in the direction of
groundwater flow divided by the seepage velocity:
t. =length of oil (600 ft) / v (3
When all of the components were brought together, the flux was defined as follows:
dCoil(t) v Cv(t)VToil = '-~IF-v-, (oi-" A (3t - Koil-
Where:
a, = 0.03(jh) (Master of Engineering Report II, 1996) (3
v=ulR (3
and:
Vo,, = volume of oil at specific time (t) [ff]
Coil(t) = concentration of the contaminant in the oil at any time (t) [mol/1]
D, = vertical dispersion coefficient [ft2/d]
a, = vertical dispersivity [ft]
Xh = lateral dispersivity [ft]
v = seepage velocity corrected for retardation [ft/d]
u = seepage velocity [ft/d]
R = retardation factor [unitless]





t, = contact time of groundwater with oil [d]
KoI, = oil-water partitioning coefficient - will be defined [unitless]
A = estimated area of 1970 cell [ff] - used as assumed contact area
The oil-water partitioning coefficient was determined for each contaminant using the
fugacities of each compound. At steady state, the fugacity of a compound in the water is
equal to the fugacity of the compound in the oil. Fugacity for a compound in solution is
defined as (Schwarzenbach et al, 1993):
fi = y•xiP(1) (3-16)
Where:
i = the phase that the compound is mixed in
f= fugacity
y = activity coeff.
x = mole fraction
Po(1) = liquid vapor pressure (atm)
Since the fugacities are equal at steady state, the equation can be written as, with the
pressures canceling out:
Yoixoi = 7Ywgaxa a (3-17)
From the mole fractions, the concentrations in the water and oil can be calculated. From
the concentrations, the oil-water partitioning coefficient can be calculated as follows:
Koi•w = Co/Cw (3-18)
The following values were used to calculate the oil-water partitioning coefficients:
PCE:
Y.o = 1 (estimated)




you = 1 (estimated)
yw = 6250 (Schwarzenbach, 1993)
resulting in:
Ko, = 450
Equation 3-13 is then integrated from t=0 to t=t and C=C(O) to C=C(t) to yield the
following equation:
D-A *
Coil(t) = Coil (0)e Voil-Koil-w (3-19)
The following variables remain constant:
D, = 0.09 [ft2/d]
v = 0.9 [ft/d]
1= 7.75 [ft]
A = 6X10 s [ft2]
This flux was then used to calculate the concentration of the contaminants in the oil and
water for each year following the first year of disposal. The spreadsheets used to
calculate the concentrations can be found in Appendix B. Since the PCE had an oil-water
partitioning coefficient approximately one order of magnitude greater than TCE,
significant PCE input to the plume lasted for approximately 10 years longer than the TCE
input to the plume (1980 vs. 1970).
From the concentration in the water, the mass input to the groundwater was determined
for each year. This mass input was then used in the 3-d transport equation. The flux
equation was also used to calculate out the concentrations in the oil and water in 1989.
The results are shown in Table 3-10.
Table 3-10 Concentrations at Source in 1989
The results show that if this was the process through which the contaminants entered the
groundwater, then the source has been completely dissipated.
3.4.3 Estimating Downgradient Concentrations with 3-D Transport Equation
The 3-d transport equation was used to determine what the downgradient plume
concentrations would be if the assumption that the contaminants leached into the
groundwater from an LNAPL. The input of contaminants each year to the groundwater
from the oil was assumed to be a pulse input, and the result of the transport equation was
summed for each year of input as in the completely dissolved model. The 3-d transport
equation used was:
((x-vt)2  y2 z2
__ _ _-+-ID 4 +- ](C 1. M4Dxt 4Dyt 4DztC= -e /-z(3-20)
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where:
v = u/R [ft/s] (3-21)
Dx = a xv [ft/s] (3-22)
Dy =a v [fYIfs] (3-23)
Dz = a zv [ft2/s] (3-24)
and:
C = concentration downgradient [ It g/L]
m = mass input per year [ ý g]
d = vertical depth source mixed over [ft]
M = input each year [ jt g]
n = porosity
t = time [s]
a = dispersivity x-direction [ft]
a , = dispersivity y-direction [ft]
a = dispersivity z-direction [ft]
DX = Fickian transport coefficient in x-direction [ftl/s]
D, = Fickian transport coefficient in y-direction [ft2/s]
Dz = Fickian transport coefficient in z-direction [ft2/s]
x = length along x-axis [ft] (the x-axis has been aligned the be the same as the direction of
groundwater flow)
v = seepage velocity [ft/s]
y = length along y-axis [ft] (the y-axis has been aligned to be lateral to the direction of
groundwater flow)
z = length along z-axis [ft] (the z-axis has been aligned to be perpendicular to the
groundwater flow in the vertical direction)
R = retardation factor
The following variables remained constant during the calculations:
n =0.39
y=Oft
u = 0.9 ft/d = 1.04x10 5 ft/s (M.Eng. Project Report II, 1996)
ax = 90 ft (M.Eng. Project Report II, 1996)
a , = 3.3 ft (M.Eng. Project Report II, 1996)
a = 0.1 ft
The mass that was used for the calculations was assumed to be leaching from a finite area
of oil, but in reality, the contaminants may have been leaching from a substantially
different area covered by the layer of oil. It was assumed that the layer of oil had the
same area as the 1970 cell (approximately 6X105ft). In this case the mass input that was
used in the calculations would be smaller by some factor than the calculated results
therefore altering the actual results, but the trends and curves generated by the
calculations would be the same.
The spreadsheets used for the calculations can be found in Appendix A.
3.4.3.1 PCE Results
The results that were obtained for PCE leaching from an LNAPL are shown in Table 3-
11.
Table 3-11 Downgradient Results for PCE Leaching from an LNAPL
Retardation Factor 3000Qft 5000t 10000 ft
1.25 17 ug/1 320 ug/ 25 ug/l
2.0 90 ug/1 370 ug/l 4Xl10ug/l
3.0 80 ug/l 31 ug/1 6X10 3"ug/l
From these results it was determined that the majority of the contamination had moved
from the source to about 5000 ft downgradient. It also was determined that the
retardation factor for PCE was probably less than 2 since the trend in the other two wells
was for the highest concentration to occur at 5000 ft downgradient. Peak PCE
concentrations measured in 1989 were reported at 5000 ft.
3.4.3.2 TCE Results
The results that were obtained for TCE leaching from an LNAPL are shown in Table 3-
12.
Table 3-12 Downgradient Results for TCE Leaching from an LNAPL
Retardation Factor 3000.ft 5000 ft 10000 ft
1.10 3 ug/l 160 ug/l 56ug/1
1.50 33 ug/l 430 ug/1 1 lug/l
1.82 78 ug/l 440 ug/l 4X10 3 ug/
The results for TCE showed the same trends as PCE in that the peak concentrations
occurred at 5000 ft downgradient of the source, regardless of the retardation factor. This
spatial trend differs from the reported 1989 data which had the highest reported TCE
concentrations at 3000 ft.
These results were calculated only for the estimated contaminant inputs to the landfill,
since in the first hypothesis the increased inputs produced results much greater than the
sampled concentrations.
3.5 Comparison of Results
The estimated results and the observed results from the field sampling were compared to
determine which hypothesis best represented what occurred in the landfill. The results
for the contaminants being completely dissolved over the 150 ft water table, the NAPL
leaching hypothesis, and the observed data were compared. The comparisons can be
found in Figures 3-8 - 3-13. One should note that for a particular choice of R for PCE
















































Figure 3-9 Comparison of Results for TCE with a Retardation Factor of 1.10

























Figure 3-11Comparison of Results for TCE with a Retardation Factor of 1.50







































Figure 3-13 Comparison of Results for TCE with a Retardation Factor of 1.82
For most of the scenarios presented in the above graphs, the expected concentration for
the contaminants leaching from an LNAPL is closer to the observed results than for the
contaminants that were presumed to be immediately dissolved into the groundwater at the
source. Although the concentrations are closer to the observed results for the
contaminants leaching from an LNAPL, the numbers do not exactly match up. For the
hypothesis that the contaminants are leaching from oil, the concentrations are still for the
most part higher than the observed concentrations.
Adjusting the amount of contaminant that was input, or spreading the input spatially, to
make it lower than the estimated amount would make the calculated concentrations closer
to the observed concentrations. This would especially work for the results obtained for
the first hypothesis. Increasing the vertical dispersivity would also cause the calculated


















increased to a value that is not reasonable for the characteristics of the site. Also, if the
actual value for the lateral variable (y) had been used rather than assuming that it was
zero, the concentrations probably would have been closer to the sampled concentrations
at the wells that were used for comparison.
One important point to make, however, is that both hypotheses lead to the conclusion that
there is not a continuing TCE and PCE input source at the landfill. Dissolved input
(hypothesis 1) leads to a view in which there is a well flushed aquifer beneath the landfill.
LNAPL input (hypothesis 2) would suggest a well leached oil plume by now.
4. Proposed Contaminant Sampling Plan
The following sampling plan was developed as a method to determine if there is still a
PCE and TCE source mixed within hydrocarbons beneath the landfill.
4.1 Location
To determine directly if a source still exists, samples would have to be taken from
beneath the landfill. The best location to sample would be the top of the water table
directly beneath the 1970 cell. This would be the best location for three reasons. First,
the most recent disposal of PCE and TCE occurred in the 1970 cell. Second, the
estimated waste quantities showed that the largest quantities were dumped into the 1970
cell. Finally, the calculations and disposal history indicated that the contaminants may be
mixed with hydrocarbons which are LNAPLs that will float on top of the water table.
Sampling in the 1947 cell would only be necessary depending upon the results from
sampling at the 1970 cell. Sampling would be necessary if significant amounts of PCE
and TCE were detected beneath the 1970 cell. If sampling beneath the 1970 cell showed
only a low level of contamination, sampling beneath the 1947 cell would not be
necessary. Sampling in this area would not be important since the contaminants would
have had a much longer time to dissolve into the groundwater, and the estimated quantity
of PCE and TCE dumped into these areas was approximately 100% smaller than the
amount dumped into the 1970 cell (20% less each year for half as many years).
4.2 Sampling Methods
It has already been stated that drilling a traditional groundwater monitoring well is
prohibited within the boundaries of the cells due to the possibility that live ordnance may
have been buried within the cells. For this reason it will be necessary to use horizontal
wells to sample beneath the landfill. Information about the use and installation of
horizontal wells can be found in Mia Lindsey's Master of Engineering thesis (Lindsey,
1997).
The horizontal well should be drilled so that groundwater samples can be collected from a
number of levels within the water table. A sampling area should be located near the top
of the water table to determine if there is a pool of hydrocarbons with dissolved PCE and
TCE sitting on top of the groundwater. This sampling area may need to consist of several
sampling nodes so that the top of the water table can be sampled at any time of the year
regardless of seasonal water table variations which are on the order of 5 to 10 feet.
Another sampling area should be located at approximately 10 ft below the top of the
water table, again accounting for seasonal variations, to check for dissolved PCE and
TCE concentrations in the groundwater. It may also be desirable to locate some sampling
areas throughout the depth of the water table to check for residual concentrations and to
determine if there is a pool of DNAPL at the bottom of the aquifer although the results of
this investigation show that this is most likely not the case. The laboratory analytical
results of these samples should determine conclusively whether or not a source of PCE
and TCE exists beneath the landfill.
5. Conclusions and Recommendations
Based upon the estimated waste quantities and the transport calculations, it appears
unlikely that a source of PCE or TCE is still present beneath the landfill. This conclusion
is based on the calculated results for both input scenarios presented. Assuming that the
second hypothesis (LNAPL source) was closer to what actually happened in the landfill,
the results from the flux calculations showed that the contaminant source has been
completely leached to the downgradient plume.
There may be several reasons that explain why the calculated results for the LNAPL
leaching hypothesis did not more closely match the observed results. One very important
reason may be that the source inputs were estimated from historical information. If these
estimates were larger than the actual inputs, there could be a noticeable difference in the
results. Also, the TCE and PCE may still be in containers that are sealed and sitting in
the landfill, therefore not yet having contributed to the LF-1 plume. Other possible
reasons for the results differing may be differences in field data such as changing
dispersions coefficients and retardation factors over the area of the plume. Finally, there
were many assumptions made in the process of calculating estimated results. One of the
assumptions made was that the wells for the observed results were lying directly on the x-
axis, therefore the variable for lateral dispersion was equal to zero and could be removed
from the calculations. This assumption may have altered the predicted results from the
observed results. Also, the assumption that the wells laid directly on the plume axis may
have made the calculated concentrations higher than the observed concentrations. If the
lateral variable had been set to it's actual value the predicted concentrations may have
been more accurate.
One recommendation for future work is that some preliminary sampling should be done
at the top of the water table beneath the 1970 cell. This sampling would conclusively
determine if the contaminant source has been distributed to the plume. This sampling
could be accomplished through the use of horizontal well drilling technology.
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Appendices
Appendix A - Transport Equations Data
The following pages contain the spreadsheets that were used to calculate the results for
the transport equations.
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Case: PCE, R=2.0, 200 gal./50 gal., z=50 ft.
Year Input (ug/ft) Porosity (n) time (s) seepage
velocity (ft/s)
1970 2.4E+10 0.39 5.99E+08 0.0000052
1969 2.4E+10 0.39 6.31E+08 0.0000052
1968 2.4E+10 0.39 6.62E+08 0.0000052
1967 2.4E+10 0.39 6.94E+08 0.0000052
1966 2.4E+10 0.39 7.25E+08 0.0000052
1965 2.4E+10 0.39 7.57E+08 0.0000052
1964 2.4E+10 0.39 7.88E+08 0.0000052
1963 2.4E+10 0.39 8.20E+08 0.0000052
1962 2.4E+10 0.39 8.51E+08 0.0000052
1961 2.4E+10 0.39 8.83E+08 0.0000052
1960 2.4E+10 0.39 9.15E+08 0.0000052
1959 2.4E+10 0.39 9.46E+08 0.0000052
1958 2.4E+10 0.39 9.78E+08 0.0000052
1957 2.4E+10 0.39 1.01E+09 0.0000052
1956 2.4E+10 0.39 1.04E+09 0.0000052
1955 2.4E+10 0.39 1.07E+09 0.0000052
1946 6200000000 0.39 1.36E+09 0.0000052
1945 6200000000 0.39 1.39E+09 0.0000052
1944 6200000000 0.39 1.42E+09 0.0000052
1943 6200000000 0.39 1.45E+09 0.0000052
1942 6200000000 0.39 1.48E+09 0.0000052
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Disp. Coeff. Disp. Coeff. Disp. Coeff. x (ft) z (ft) Concentration @











































































































































































































































































































































































































































































































































Year Input Porosity time (s) seepage
(ug) (n) velocity (ft/s)
1974 0.00094 0.39 473040000 6.70E-06
1973 583.169 0.39 504576000 6.70E-06
1972 1.3E+07 0.39 536112000 6.70E-06
1971 1E+10 0.39 567648000 6.70E-06
1970 3E+11 0.39 5.99E+08 6.70E-06
1969 3E+11 0.39 6.31E+08 6.70E-06
1968 3E+11 0.39 6.62E+08 6.70E-06
1967 3E+11 0.39 6.94E+08 6.70E-06
1966 3E+11 0.39 7.25E+08 6.70E-06
1965 3E+11 0.39 7.57E+08 6.70E-06
1964 3E+11 0.39 7.88E+08 6.70E-06
1963 3E+11 0.39 8.20E+08 6.70E-06
1962 3E+11 0.39 8.51E+08 6.70E-06
1961 3E+11 0.39 8.83E+08 6.70E-06
1960 3E+11 0.39 9.15E+08 6.70E-06
1959 3E+11 0.39 9.46E+08 6.70E-06
1958 3E+11 0.39 9.78E+08 6.70E-06
1957 3E+11 0.39 1.01E+09 6.70E-06
1956 3E+11 0.39 1.04E+09 6.70E-06
















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix B - Concentration at Source as a Function of Time
The following pages contain the spreadsheets that were used to calculate the














































































































































































































































































































































































































































































































































































































































































































ug PCE in H20
2.76303E+11
2.96226E+11
2.83384E+11
2.69202E+11
2.64308E+11
2.61906E+11
2.60539E+11
2.59687E+11
2.59119E+11
2.58723E+11
2.58435E+11
2.5822E+11
2.58054E+11
2.57925E+11
2.57821E+11
2.57737E+11
3.14733E+11
2.0742E+11
87413276801
24836804956
4869999882
667070529.1
64282065.94
4377010.078
211182.2685
7233.396372
176.109795
3.05042882
0.037613045
0.000330294
2.06623E-06
9.21012E-09
2.92566E-11
6.6237E-14
1.06888E-16
